Neurexins constitute a family of proteins originally identified as synaptic transmembrane receptors for a spider venom toxin. In mammals, the 3 known Neurexin genes present 2 alternative promoters that drive the synthesis of a long (a) and a short (b) form and contain different sites of alternative splicing (AS) that can give rise to thousands of different transcripts. To date, very little is known about the significance of this variability, except for the modulation of binding to some of the Neurexin ligands. Although orthologs of Neurexins have been isolated in invertebrates, these genes have been studied mostly in mammals. With the aim of investigating their functions in lower vertebrates, we chose Danio rerio as a model because of its increasing importance in comparative biology. We have isolated 6 zebrafish homologous genes, which are highly conserved at the structural level and display a similar regulation of AS, despite about 450 Myr separating the human and zebrafish species. Our data indicate a strong selective pressure at the exonic level and on the intronic borders, in particular on the regulative intronic sequences that flank the exons subject to AS. Such a selective pressure could help conserve the regulation and consequently the function of these genes along the vertebrates evolutive tree. AS analysis during development shows that all genes are expressed and finely regulated since the earliest stages of development, but mark an increase after the 24-h stage that corresponds to the beginning of synaptogenesis. Moreover, we found that specific isoforms of a zebrafish Neurexin gene (nrxn1a) are expressed in the adult testis and in the earliest stages of development, before the beginning of zygotic transcription, indicating a potential delivery of paternal RNA to the embryo. Our analysis suggests the existence of possible new functions for Neurexins, serving as the basis for novel approaches to the functional studies of this complex neuronal protein family and more in general to the understanding of the AS mechanism in low vertebrates.
Introduction
Neurexins are a family of neuronal proteins originally identified as synaptic receptors for the spider venom toxin, a-latrotoxin (Ushkaryov et al. 1992) . In human and rodents, the 3 known Neurexin genes contain 2 promoters that drive the synthesis of a long-form called a-Neurexin and a short form called b-Neurexin (Rowen et al. 2002; Tabuchi and Sudhof 2002) . Neurexins are classical type I membrane proteins with an N-terminal extracellular modular domain and a short intracellular C-terminal tail (Ushkaryov et al. 1992) . They exhibit a peculiar domain content and distribution: in a-Neurexins, from amino to carbossi terminal, the mature protein contains 3 modular repeats, each constituted by an epidermal growth factor (EGF)-like domain surrounded by 2 laminin-neurexin-sex hormone (LNS)-binding protein domains, an O-linked sugar domain, a transmembrane domain, and an intracellular tail. The b-Neurexins possess, in their extracellular portion, a short b-specific amino acid stretch followed by a sequence common to a-Neurexins: one LNS domain (that corresponds to the 6th LNS domain of a-Neurexins), the transmembrane region and the intracellular tail.
The functions of Neurexins are not completely understood. Generally, they can be described as a highly heterogeneous family of synaptic adhesion proteins with a role in synaptogenesis and a potential role in differential neuronto-neuron recognition. Insights into their functions come from their endogenous ligands that include the Neuroligins, Dystroglycan, and the Neurexophilins. The Neuroligins are a family of synaptic transmembrane proteins that are localized at the postsynaptic side of both excitatory and inhibitory synapses of the central nervous system (CNS). They are mainly composed by an acetilcholinesterase-like extracellular domain followed by a transmembrane stretch and an intracellular C-terminal region (Ichtchenko et al. 1995) . Neurexins and Neuroligins form a Ca 21 -dependent transsynaptic link (Nguyen and Sudhof 1997) that is instrumental in the formation of new synapses (synaptogenesis). Dystroglycan is a large transmembrane cell surface protein constituted by 2 subunits connecting the intracellular actin cytoskeleton to the extracellular matrix proteins (Henry and Campbell 1999) whose specific functions in the CNS are unknown (Sugita et al. 2001 ). Neuroligins and Dystroglycan bind to both a and b-Neurexins, whereas Neurexophilins, which are neuropeptide-like soluble proteins of unknown function, only show binding to a-Neurexins (Petrenko et al. 1996) .
The best-characterized functions of Neurexins are related to their binding to Neuroligins. Indeed, different studies have shown that both Neuroligins and Neurexins when overexpressed in nonneuronal cells can induce, respectively, pre-or postsynaptic specializations in contacting axons or dendrites through their reciprocal interaction (Scheiffele et al. 2000; Graf et al. 2004) .
Intracellularly, through a highly conserved amino acid stretch, Neurexins bind to the PDZ-containing protein CASK (Hata et al. 1996) , a protein of the MAGUK family that connects Neurexins to the exocytotic machinery (Butz et al. 1998) and to the actin cytoskeleton (Biederer and Sudhof 2001) . Neuroligins bind to one of the PDZ domains of the postsynaptic density proteins PSD95 that is an organizer of the postsynaptic functions (Irie et al. 1997) . Loss of function approaches has been published only for a-Neurexins. Mice null for one Neurexin a-isoform are viable and fertile, whereas mice depleted of more than one isoform die perinatally of respiratory problems (Missler et al. 2003) .
The transcripts of the Neurexin genes are subjected to extensive alternative splicing (AS) . Five different AS sites (SS1-5) are known in aNeurexins, the last 2 being present in b-Neurexins too. This extensive processing has been shown to have 2 types of consequences: the first is at the structural level. Indeed, the interactions with a-latrotoxin, Dystroglycan, and Neuroligins are all tightly regulated by AS at the site 4 (SS4) (Sugita et al. 1999 (Sugita et al. , 2001 Ichtchenko et al. 1995) . AS at SS2 in the 2nd LNS domain also regulates Dystroglycan binding (Sugita et al. 2001 ), but not the one of Neurexophlins . No similar functions have been reported for the other splicing sites. Although the sites of AS are at different positions in the sequences of the 2nd and 6th LNS domains, the crystal structure of the 6th LNS domain of Neurexin 1 (Rudenko et al. 1999) showed that both splice sites are located in close proximity on the surface of the folded domain, suggesting that this location is a sensitive one for ligand binding. In addition to altering protein interactions, AS of Neurexin 3, but not Neurexin 1 or 2, can generate mRNAs encoding proteins lacking a transmembrane domain that are thought to be secreted from the cell (Ushkaryov and Sudhof 1993) .
High heterogeneity is the other consequence of the complicated transcript processing of the Neurexins. AS is an important mechanism for generating protein diversity from a small set of genes. Different studies have shown that the 5 alternative splice sites of Neurexins are independently regulated and can give rise to more than 3,000 different isoforms (Ushkaryov et al. 1992; Ushkaryov and Sudhof 1993; Ullrich et al. 1995; Patzke and Ernsberger 2000; Rowen et al. 2002; Tabuchi and Sudhof 2002) . Intriguingly, only another neuronal protein, DSCAM, found in Drosophila, produces such a number of isoforms (for a review see [Lipscombe 2005] ). Because of these features, Neurexins could be enrolled in the so-far little group of candidate protein families that act in nervous system as molecular codes for the neuron-to-neuron recognitions events and make up the complexity of the CNS .
Although orthologs of Neurexin genes are present in invertebrates such as Drosophila melanogaster and Caenorhabditis elegans (Tabuchi and Sudhof 2002) , this gene family has been studied mostly in mammals. Given the lack of data for these genes in low vertebrates, we chose Danio rerio as a target for our research. Indeed, zebrafish presents some experimental advantages and what is important is a quite simple and well-characterized nervous system and broad developmental and physiological similarities to humans (Amatruda et al. 2002; Chen and Ekker 2004) .
Here, we describe the isolation, the structural studies, and the AS analysis of the zebrafish Neurexin genes. We identified 6 different homologs (called nrxn1a-b, nrxn2a-b, and nrxn3a-b) in the genome that present a high degree of conservation at exonic level, a very similar exon-intron organization and AS regulation. Our data indicate a very high selective pressure operating both at exonic and at intronic level to preserve the gene structure, the AS mechanisms, and probably the function of these genes during evolution.
Through Reverse-transcriptase polymerase chain reaction (RT-PCR)-based methods, we analyzed the expression pattern of the bona fide orthologs of mammalian Neurexins during zebrafish development, finding that a-forms are expressed since the earliest stages of development and are maternally inherited. Surprisingly, for splice site 1 of nrxn1a, we found specific isoforms in the cDNA of adult testis that matched those present in the early stages of development, suggesting a possible paternal origin of some Neurexin 1 transcripts.
Our data indicate new possible functions of some members of the family of Neurexins. Understanding the genomics of these genes in zebrafish provides the basis for future functional studies with the use of knockdown and knockout technologies to assess the role of these genes in vertebrates.
Materials and Methods

Zebrafish Embryos Maintenance
Zebrafish was raised and maintained under standard laboratory conditions as described in the Zebrafish Book (Westerfield 2000) and staged according to Kimmel (Kimmel et al. 1995) . Beginning from 24 h post fertilization (hpf), embryos were collected and cultured in fishwater containing 0.003% 1-phenyl-2-thiouera to prevent pigmentation and 0.01% methylene blue to prevent fungal growth.
Databases and Bioinformatic Analysis of Data
The following genome assemblies were searched: Homo sapiens (National Center for Biotechnology Information [NCBI] 
Phylogenetic Tree
Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 3.1 (Kumar et al. 2004) . Amino acid sequences of Neurexins from organisms representing different taxa were aligned in MEGA 3.1 using ClustalW algorithm with a Gonnet protein weight matrix. A rooted phylogenetic tree was built using a Neighbor-Joining (NJ) method. Bootstrap analysis for 1,000 cycles was used to assess the strength of the topologies.
Cloning of Zebrafish Neurexins ensembl.org/) and NCBI (http://www.ncbi.nlm.nih.gov/). The degenerate primers used for part of the cloning were previously published by Russell and Carlson (1997) . We set the optimal PCR reaction conditions for the degenerate primers on rat and bovine Neurexin cDNAs (kindly provided by T. C. Sudhof) and then we used aliquots of zebrafish cDNA from different developmental stages. For 5# RACE technique, we used 2 different kits: FirstChoice RLMRACE Kit (Ambion, Austin, TX) and 5# RACE System for Rapid Amplification of cDNA Ends (Invitrogen Corporation) following the manufacturer's instructions. The cDNA sequences obtained with PCR methods were compared with the genomic sequences to identify the splice sites.
Syntenic Analysis
To find evidence for the conservation of synteny, we compared genomic regions neighboring the zebrafish Neurexins with the genes neighboring the human Neurexins. Putative orthologs for each zebrafish gene were located on the human map using the comparative tools recently added to the Ensembl genome database (Hubbard et al. 2005) .
Reverse Transcription-Polymerase Chain Reaction Total RNAs were prepared from zebrafish adult organs (ovary and testis), oocytes, and embryos at different developmental stages using the Totally RNA Isolation Kit (Ambion) or the RNAgents Total RNA Isolation System (Promegam, Madison, WI), treated with DNase I RNasefree (Roche, Basel, Switzerland) to avoid possible contamination from genomic DNA and then reverse transcribed using Superscript II (Invitrogen Corporation), Oligo dT primers or the ImProm-II Reverse Transcription System (Promega), and Random primers. The cDNAs were then subjected to PCR amplification using specific primers (see below) using Expand High Fidelity Taq polymerase (Roche) or Taq Platinum DNA polymerase (Invitrogen Corporation) following the manufacturer's instructions. When possible, all primer pairs have been designed on different exons to avoid the amplification of DNA contaminations eventually present in cDNA preparations. Control PCR experiments with samples prepared without reverse transcriptase were performed to ensure that genomic DNA contamination did not contribute to the PCR amplification (data not shown). The PCRs consisted of an initial denaturation of the samples at 95°C for 3 min, followed by 35 cycles. Each cycle consisted of a denaturation step at 95°C
for 30 s, a 30-s annealing step at the temperatures specified in table 1, and an extension step at 72°C for a time depending on fragment length. A final extension cycle of 10 min at 72°C was added to each PCR. Products were then separated on agarose gels at different concentration (from 1% to 3% maximum, based on the fragments length), visualized by ethidium bromide staining and then scanned with a Typhoon 8600 (Molecular Dynamics, Sunnyvale, CA). Nucleotide sequences of PCR products were determined by cloning in pCRII system (Invitrogen Corporation) followed by sequencing of both strands (PRIMM, Milan, Italy). A fragment of zebrafish b actin cDNA was amplified by PCR (35 cycles) as an internal control for the quality of cDNA using the primers ACTF (5V-AACTGGGAYGA-CATGGAGAA-3V) and ACTR (5V-TTGAAGGTCTCA-AACATGAT-3V). For the analysis shown in figures 6 and S4 (Supplementary Material online) we used a 2nd couple of primers specific for zebrafish b actin (Argenton et al. 2004 ) that demonstrates the lack of genomic contamination in our RNA preparations.
Gene-Specific Primer Sequences
The sequences of primers used in AS pattern analysis are listed in table 1. Table S1 (Supplementary Material online) shows the size of the fragments amplified by each couple of primers.
Accession Numbers
The accession numbers of zebrafish Neurexin family members are as follows: nrxn1a alpha, DQ641424; nrxn1a beta, DQ641425; nrxn1b alpha, DQ641426; nrxn1b beta, DQ641427; nrxn2a alpha, DQ641428; nrxn2a beta, DQ641429; nrxn2b alpha, DQ641430; nrxn2b beta, DQ641431; nrxn3a alpha, DQ641432; nrxn3a alpha soluble form, DQ641433; nrxn3a beta, DQ641434; nrxn3b alpha, DQ641435; nrxn3b alpha soluble form, DQ641436; and nrxn3b beta, DQ641437.
The accession numbers of Neurexins from different organisms are as follows: ceNRX alpha (C. elegans): C29A12.4 (Wormbase Gene ID); cbNRX alpha (C. briggsae): CAE64902; and ciNRX alpha (C. intestinalis): ENSCING00000005088 (Ensembl Gene ID).
Results and Discussion
Molecular Cloning and Characterization of the Zebrafish Neurexins
To identify the human Neurexins orthologs in D. rerio we used different approaches. At the beginning, we assembled the complete precursors of human Neurexins using Ensembl and VEGA transcript databases and we used these human sequences as queries for the Blast search programs at the Zebrafish Genome Browser (http://www.ensembl. org/Danio_Rerio) and for a screening of the public EST databases available at the NCBI (http://www.ncbi.nlm.nih. gov/BLAST). In parallel, we amplified the cytoplasmic domain of zebrafish Neurexins using degenerate primers complementary to rat and cow Neurexins (Ushkaryov et al. 1992; Ushkaryov and Sudhof 1993; Ushkaryov et al. 1994; Russell and Carlson 1997) . Finally, we used the obtained fragments for an extensive in silico cloning using the Ensembl genomic database (http://www.ensembl.org/ Danio_rerio/), and we identified the positions of the members of this gene family in different Linkage Groups (LGs). We confirmed each sequence prediction by RT-PCR. On the basis of the human genes structure previously published (Rowen et al. 2002; Tabuchi and Sudhof 2002) and the Ensembl gene predictions, we assembled the a-and b-forms of zebrafish Neurexins and then we completed the partial sequences using 5# RACE techniques.
In different regions of the zebrafish genome, we found 6 genes homologous to mammalian Neurexins that, following the Zebrafish Nomenclature Guidelines available from the Zebrafish Information Network (http://zfin.org), we designated as nrxn1a-b, nrxn2a-b, and nrxn3a-b. In the last releases of the Ensembl database (Zv5 and Zv6, dated, respectively, 27 May 2005 and 30 March 2006), these different paralogs are located in the following genomic positions:
LG12 (nrxn1a), LG13 (nrxn1b), LG21 (nrxn2a), LG7 (nrxn2b), LG17 (nrxn3a), and LG20 (nrxn3b).
Protein-sequence alignment ( fig. 1 for b-Neurexins alignment and supplementary fig. S1 , Supplementary Material online, for a-forms) reveals that the zebrafish Neurexins are very similar to the human proteins. At the structural level, each protein presents the typical organization of mammalian Neurexins ( fig. 1 ): they are transmembrane proteins with a short cytoplasmic tail, and the extracellular region differs between a-and b-forms. The a-forms contain 3 LNS(A)-EGF-LNS(B) repeats, whereas b-forms present a b-specific portion just upstream of an LNS(B) domain. The greatest differences are located in the first LNS domain and the first EGF-like repeat, as already observed in a comparison between rat and cow proteins ). Notably, the highest level of identity is found in the Cterminal tail (in particular in the last 10 residues) that interacts with the cytoplasmic scaffold protein CASK (Hata et al. 1996) . A similar pattern of conservation is found in all the species that we compared. Table 2 presents the percentage of identity and conservation among the different members of the Neurexin families. Globally, the high degree of identity and conservation at the amino acid level suggests the existence of a very strong evolutionary pressure on this gene family and a possible conservation of the functions of its members, notwithstanding the approximately 450 Myr that have passed because the human and zebrafish common ancestor were speciated into 2 separate lineages (Aparicio et al. 2002; Zdobnov et al. 2002) .
The full-length nucleotide and amino acid sequences of zebrafish Neurexins were used as queries to find homologous genes in other low vertebrate and invertebrate species by performing BlastN and TBlastN searches in different genomic databases. The genomic organization of some Neurexin genes of the Xenopus laevis, T. nigroviridis, and T. rubripes could not be completely elucidated, because cDNA/ genomic sequences were only partially available. To assess the evolutive relationships among the Neurexin family members from different species, we performed phylogenetic and synthenic analysis ( fig. 2) . Figure 2A shows a rooted NJ tree obtained aligning multiple protein sequences of different Neurexins and zebrafish homologs. The phylogenetic tree organization suggests that the D. rerio Neurexins that we found were produced by a recent fish lineagespecific duplication event (Taylor et al. 2003 ). This notion is also supported by their different genomic localization, as described above. The topology of the tree is coherent with the relationship between the different taxa and is supported by robust bootstrap values in almost all the nodes; nevertheless it is not sufficient to fully elucidate that are the orthologs of the mammalian genes between each pair of zebrafish homologs. To obtain a clear perspective on the relationship of the 6 Neurexin genes in respect to the human genes, we compared the neighbouring genomic regions of each zebrafish Neurexin with the mapped human genome using the comparative tools available in Ensembl. As shown in figure  2B , we found syntenic genes (or predicted genes) only in flanking regions of nrxn1a, nrxn2a, and nrxn3a. Combining data between protein-sequence alignment across different species and syntenic analysis, it became clear that teleost nrxn1a, nrxn2a, and nrxn3a are orthologs to the mammalian Neurexin genes.
Genomic Organization of the Zebrafish Neurexin Genes
In mammals, the 3 Neurexin genes exhibit the same genomic organization. Each gene contains 2 alternative promoters that produce 2 major forms (a and b) and presents the same exon-intron structures (Tabuchi and Sudhof 2002) . A common feature of the Neurexin is that the first LNS domain and the first EGF-like domain are coded by a unique large exon followed by several short exons that are alternatively spliced (SS1); all other LNS domains are coded by 2 or more exons, whereas all the EGF-like units are coded by single exons.
The genomic structure and the exon-intron boundaries of the zebrafish orthologs were determined by performing BlastN alignments of the different nrxn cDNAs against the Ensembl genomic database and then compared with the human genes. The nrxns present 2 main forms for each gene, 5 AS sites, the same protein-reading frame, and, except for minor exceptions, canonical (AG-GT) splice borders and the same number and size of exons. For a complete description of the genomic structure, see tables 3-5.
Because the sequencing of the zebrafish genome is not completed yet, it is difficult to calculate the exact size of the Neurexin genes. Nevertheless, nrxn1a and nrxn2a span a region of ;300 and ;680 Kb of genomic DNA, respectively. Different portions of nrxn3a have been found in 2 separate portions on LG17, and it is impossible to determine with enough confidence the complete size of this gene.
As the nrxn1a and nrxn2a exons are very similar in size to the human orthologs, the differences in gene sizes must depend on the intronic components, unlike the human and mouse genes that present the introns of identical size (Tabuchi and Sudhof 2002) .
Sequence analysis shows that nrxn2a and nrxn3a are the most divergent members of the family. nrxn2a shows a partially different organization of the splice site 1 (SS1) with a very short exon 5 and an additional exon 6, found only in zebrafish (see table 4). Unlike the human gene, nrxn3a presents an extra exon (exon 17 in table 5) in a region that is not canonically involved in AS. Nevertheless, this exon presents some common features of alternatively spliced exons (e.g., number of base pairs divisible by 3 and shortness [Ast 2004]) and, more importantly, we detected 2 PCR products that differed for the presence or absence of exon 17. Unfortunately, given the absence of ESTs spanning this region, we cannot exclude the existence of a splicing error that is unusual, but possible (Kan et al. 2002) .
The human NRXN3 gene can produce different soluble forms of the protein through the use of alternative acceptor splice sites for exon 23 (at least 4 different variants have been described). In zebrafish, a single soluble form of nrxn3a (and nrxn3b, see fig. S2 in Supplementary Material online) is encoded due to the use of a single acceptor site for exon 25.
As evidenced in tables 3-5, the analysis of intronexon boundaries shows a very high level of conservation, especially for many of the alternatively spliced exons. This finding is of exceptional relevance considering the evolutive distance between H. sapiens and D. rerio.
Evolution of AS in Zebrafish Neurexins
As previously noted, Rowen et al. (2002) pointed out that sequences flanking some alternative exons are conserved between the 3 human Neurexin genes, in particular at SS2, SS3, and SS4. Because we found that zebrafish Neurexins present high similarity to the human genes in their amino acid sequence and genomic structure, we wondered whether they shared a common regulative mechanism of expression. With this aim, we analyzed the promoter regions and the AS regulative sequences of zebrafish orthologs. Given the lack of data concerning the human Neurexins promoters and potential transcription regulatory elements, it has not been possible to highlight a significant conservation in the genomic regions upstream the trascription start sites of the different genes. On the contrary, we identified conserved sequences in the flanking regions of different spliced sites for each zebrafish Neurexin. Intriguingly, an extensive intra-and interspecies analysis of SS2-, SS3-, and SS4-containing regions have shown a very high level of conservation ( fig. 3 and supplementary fig. S3 , Supplementary Material online). In particular, comparing the intronic regions that flank spliced exons at SS2 in both species ( fig. 3A and B) , a very high degree of sequence conservation is evident up to, respectively, 200 or 60 nucleotides from 3# and 5# splice site. Moreover, we were able to identify some regulatory elements (i.e., some repeats and the consensus sequence, YCAY, for the neural-specific splicing regulatory protein NOVA) ( fig. 3A) . Interestingly, these regulative elements are not present in all the zebrafish paralogs; for example, nrxn1b lacks the first two and the fourth repeat and all the NOVA consensus sequences, whereas both nrxn3a and nrxn3b lack the third NOVA site. This finding is very interesting because it could indicate that, after duplication, each zebrafish paralog has undergone differentiation mechanisms acting on their splicing regulative elements. As recently proposed (Su et al. 2006) , AS and gene duplication may not evolve independently. In the early stage after gene duplication, duplicates may take over a certain amount of protein function diversity that was previously carried out by the AS mechanism (Su et al. 2006 ). This could be partially due to the accumulation of mutations at the level of intronic flanking regions of alternatively spliced exons as shown by our data. The progressive accumulation of different mutations could be the cause of AS neo or subfuctionalization phenomena. Although sequence conservation is less evident for exons at SS1 and SS5 (see below), there is no significant conservation at the borders of constitutively spliced exons ( fig. 3C and D) . This finding is consistent with some recent evidences, indicating that RNA sequence motifs, which are involved in the regulation of AS, are subject to strong selective pressure. The increased conservation associated with alternative exons is not due to amino acid selection pressure, but seems to reflect a purifying selection pressure on the RNA sequence itself (Xing and Lee 2006) . This phenomenon has been called RNA-level selection pressure by Xing and Lee (2005) .
AS and gene duplication are the 2 major sources of protein function diversity; when an alternatively spliced gene is duplicated, each duplicate copy could lose some AS isoforms due to the functional redundancy, or it could acquire new isoforms (Su et al. 2006) . In this way, AS may contribute to the neo-or subfunctionalization of one or both the new genes. From this point of view, the lack and the acquisition of specific exons by nrxn2a and nrxn3a (exons 5 and 6 and exon 17, tables 4 and 5, respectively) together with the mutations at regulative regions at 3# splice site of SS2 (and maybe other features not discovered by our analysis) could have contributed to neo-or subfunctionalization mechanisms avoiding the inactivation of 1 of the 2 new genes. Moreover, these data suggest that new functions of Neurexin genes could exist, at least, in the teleost. One question still unanswered is the different level of sequence conservation between different splice sites. As mentioned above, there is a very high selective pressure at the intronic sequences at SS2, SS3, and SS4 in almost all the Neurexin genes ( fig. 3 and supplementary fig. S3 , Supplementary Material online). On the contrary, the exons of SS1 and SS5 present low rates of conservation among different human paralogs, but surprisingly their analysis reveals high conservation rates when they are compared with the zebrafish orthologs (data not shown). As suggested by our data (see also below), SS1 and SS5 could be involved in ''minor'' functions that wait to be elucidated, and as a consequence they could have been subjected to a milder selective pressure. However, it is intriguing that not all splicing sites have encountered the same evolutive destiny. 
Analysis of AS during Zebrafish Development
One of the striking features of the Neurexin family is the extensive AS to which they are subject. There are several studies that describe this aspect (Ushkaryov and Sudhof 1993; ), but all of them are focused on the adult organism or the late stages of embryonic development. Recently, Zeng et al. (2006) cloned the orthologs of the Neurexins a-forms in X. laevis and they partially described their AS during embryonic development. Interestingly, they found the expression of all 3 a-forms in oocytes of X. laevis with an oocyte-specific splicing pattern for the Neurexin 3. To date, despite the numerous efforts to understand the functional meaning of this high complexity, many questions remain unsolved. The existence of a huge number of different variants indicate that some of them can have unknown functions. In order to verify the AS pattern in vivo and discover possible new functions for these molecules outside the CNS, we closely examined their expression during zebrafish development. Using RT-PCR-based methods and specific primers designed around each splice site (except for SS5 of nrxn2a, see Materials and Methods), we analyzed how the pattern of AS varies from the early development (ovary and 1-2 cell stage) up to the early days of the larval phase (5 days). Figure 4 shows the results of this analysis.
In figure 5 , we summarized the data and we presented them in a graphical form, showing the exon-intron organization and all the possible splice variants for each of the 5 sites of AS. Moreover, using the data published by Rowen and colleagues, we compared the different isoforms isolated in zebrafish with the human forms.
As already proved by Zeng and colleagues for X. laevis, each nrxn is expressed in the ovary and the 1-2 cell stage. These data are indirectly confirmed by an EST mapping in the 3# UTR of nrxn2a (Accession. Number: DY563669) that derives from a whole ovary library and confirm the maternal origin of the transcripts.
The expression of all the transcripts follows a similar pattern. After the very early developmental stages, the expression levels decrease and, with few exceptions, they remain relatively constant until around 24 h, with the onset of an increase of expression that continues till the larval stages.
It is important to note that, for example, at the 18-somite stage (lane 8 in fig. 4A-C) , most of the primary neurons (including, e.g., spinal primary motoneurons and Rohon-Beard neurons) start to grow axons and, beginning from ;24 hpf, the zebrafish embryo undergoes several events that induce synaptogenesis in different anatomical districts. From 72 to 120 hpf, the synaptogenesis increases progressively in all the major regions of the CNS (like the retina and the olfactory bulb) and in the myotome, as documented by several studies. This temporal window fits very well with the increased expression of both the major forms (a and b) of nrxns.
Surprisingly, the mechanism of AS is already finely regulated since the very early stages of development. As shown in figure 4A , the pattern of isoforms for SS1 of nrxn1a is quite different between the ovary and the 1-2 cell stage with the presence, in this stage, of specific isoforms, present also at the 64-cell stage and only during the first larval stages (72-120 hpf). The other major differences in the pattern of splicing are evident at the 50% epiboly stage, the early embryogenesis (8-somite stage, where a specific isoform is induced), the 15-to 20-somite stage, and finally from 24 to 120 hpf.
At SS2, from early stages to late somitogenesis the form without any insert predominates, with the exception of late epiboly and the 8-somite stage where the intermediate form is present too, although at a low level of expression. At 72 hpf and 5 days, the other forms are expressed at higher levels. Although at the earliest stages both forms of SS4 are present at about the same level, starting from 24 hpf onward the isoform containing the insert begins to be more represented. It has been shown that, at least in rat brain, Dystroglycan can interact with specific Neurexin 1 isoforms devoid of inserts at SS2 and SS4 (Sugita et al. 2001 ) and more recently, that zebrafish Dystroglycan is maternally expressed (Parsons et al. 2002) . Our data could suggest a role of these isoforms in the interaction with Dystroglycan in zebrafish.
At the level of SS3, we identified both possible forms (with or without the exon 12) starting from 72 hpf; before this stage, only the larger form appears to be expressed.
Regarding SS5, the possible forms differ only by just few nucleotides that make the analysis sometime difficult; both forms are clearly present in the last 3 stages examined (maybe because both have a higher expression), whereas in the previous stages it is possible to notice the presence of at least the lower one.
In figure 4B , the AS analysis for nrxn2a gene is presented. Like nrxn1a, the splicing pattern at SS1 is very complicated with some different isoforms of very similar molecular weight, but, unlike nrxn1a, the pattern seems to be unchanged until 50% epiboly; after this stage, the expression decreases remarkably and becomes more discrete. Finally, from 72 hpf onward the expression of only-specific isoforms is evident.
Only one isoform (without the insert) is expressed at SS2 during all the embryonic stages and only during the larval stages (72 hpf and 5 days) the other variants are present at low levels.
SS3 presents a relatively complex pattern; indeed 4 different variants are possible at this splice site. The exon FIG. 3.-Comparison of exonic and intronic flanking sequences between human and zebrafish Neurexins genes. Panels A and B show, respectively, the 3# and 5# splice sites of the alternative spliced exon at SS2. In C and D are shown the intron-exon flanking regions for the same constitutively spliced exon of different Neurexin genes (exon 8 of nrxn1a gene, see table 3). Sequences were aligned by ClustalW multiple sequence alignment using AlignX of Vector NTI Advance 10.1.1 and edited with Boxshade. Black shading shows identical nucleotides, gray indicates conservative substitutions, no shading indicates unrelated bases, and dots represent gaps of alignment. Note the high degree of nucleotide conservation between humans and zebrafish homologs at the alternatively spliced site (except for nrxn1b that has lost one of the alternative donor splice sites). On the other hand, constitutively spliced exon (C and D) do not present comparable levels of conservation between the different homologs.
14 presents 2 different 3#-splice sites (14a and 14b) that produce isoforms that alter the size of the amplicons of 9 nucleotides, so it is impossible to discern between these 2 isoforms in an agarose gel, and we consider each band as composed of these 2 different variants. Both bands are present till 50% epiboly stage (with the lower one more intense), then they decrease at very low levels and at 24 hpf both are equally present, whereas at the last 2 stages the long forms are more represented.
The SS4 presents both possible isoforms from the first stages, although in the ovary the lower one is very faint. Notably, like for nrxn1a, the expression increases starting at 24 hpf and the most expressed form is the longest one.
Regarding SS5, at the first stages of development, both the possible forms are visible and, starting from stage 64 cells, there is a decrease up to stage 72 and 120 hpf when 2 bands of equal intensity appear again. The decrease visible at the 64 cells, sphere, and 50% epiboly stages that is not detected for the other splice sites, could nevertheless be due to a lower efficiency of the primer pair.
For nrxn3a ( fig. 4C ), at SS1, SS2 bands are present since the early stage of development but only at the 24, 72, and 120 hpf the upper band is expressed.
For SS2, both inserts are present up to the 64-cell stage; at the sphere stage, a form devoid of inserts appears and from stage 8-somite onward only the short size insert is present.
For SS3 and SS4, the insert positive form is present throughout all the stages, with the higher level of expression in the early and larval stages of development. For SS3, the form without inserts is expressed only in the last 2 stages examined, whereas for SS4 these forms are detectable at the stages 50% epiboly, 8-somite, and larval stages.
As in H. sapiens, SS5 shows a very complex pattern of splicing. Starting from the earliest stages, we identified 2 major bands corresponding to both the transmembrane and soluble forms. Notably, the splicing pattern becomes very diversified only at the last 2 stages considered.
Finally, in figure 5 and table 6, we summarized all these data. We analyzed the different AS sites in 2 manners. First, each splice site has been considered as a distinct element and in figure 5 we presented in graphical form their global complexity. To this aim, we depicted the genomic exon-intron organization and all the hypothetical different isoforms that could be generated. Moreover, we indicated the forms isolated in our screening and those found in H. sapiens by Rowen and colleagues. In the last case, the authors found evidences for 51 different isoforms, that is 70.8% of the 72 total theoretical forms (see table 6); on the contrary, we detected 49 isoforms out of 75 (i.e., 65.3%). Because the 2 percentages are quite similar, the complexity of each splice site is globally maintained.
As a 2nd approach, we analyzed the combinatorial capacity of all the different splice sites in each Neurexin isoform. In table 6, we listed all the possible different isoforms that could be expressed in D. rerio and H. sapiens, assuming that each splice site is independently regulated from the others. Comparing the total number of different isoforms, it is possible to note that they are nearly identical (2,240 and 2,250 for D. rerio and H. sapiens, respectively). Nevertheless, the total number of isoforms for each gene differs between the 2 species; in particular, alpha forms of nrxn2a and nrxn3a are the most different, suggesting a greater evolutive divergence in their AS mechanism.
Potential Paternal Transfer of Specific nrxn1a Splicing Isoforms to the Embryo As previously noted, one peculiar observation for all Neurexin genes has been that they are already expressed and alternatively spliced in the ovary and at the earliest stages of development, a fact suggesting a maternal origin for these transcripts. However, for SS1 of Neurexin 1 at the stage of 1-2 and 64 cells, we detected specific isoforms that were not found in the ovary ( fig. 4A) . To investigate the origin of these isoforms, we compared cDNAs from oocytes and the first stages of development (2 cells and 4-8 cells stages) with the adult testis. The band observed in adult testis and the first developmental stages (indicated by an arrow in fig. 6 ) was absent in unfertilized oocytes sample, suggesting a paternal origin of some Neurexin transcripts.
In all animals, there is a delay between fertilization and the activation of the zygotic genome, when the embryo relies on gene products present in the egg (maternal transcripts). Although in mammals zygotic genomes seem to be activated at very early developmental stages (2-cell stages) (Pelegri 2003) , the zebrafish genome is transcriptionally inactive during the first hours of embryogenesis, and zygotic transcription starts at midblastula transition that, in zebrafish, corresponds to the 512-cell stage (Kane and Kimmel 1993; Santacruz et al. 1997; Bruce et al. 2003) . Until this stage, development relies on maternal factors produced during oogenesis that are present in the egg at the time of fertilization (reviewed by Pelegri [2003] ). Many studies, however, have reported RNAs in ejaculate spermatozoa and their delivery to the egg during fertilization (reviewed in Miller et al. [2005] and Miller and Ostermeier [2006] ). Ostermeier et al. (2004) proved that, during fertilization, human spermatozoa deliver RNAs to the oocyte and they suggested that sperm RNA could contribute to early development; moreover, recent evidence in a mouse model also suggests that paternal RNAs can provide epigenetic marks to the developing embryo that influence the phenotype of the offspring (Rassoulzadegan et al. 2006) .
We suggest that the specific band observed in adult testis and the first stages of embryo development could be due to the transfer of specific nrxn1a isoforms from mature spermatozoa to the embryo at fertilization. Interestingly, these specific isoforms transferred to the embryo persist until the 64 cells stage (see fig. 4A ) and they are not degraded after their delivery, suggesting a possible functional role for these Neurexin transcripts. This could be one of the first evidences that these kinds of phenomena are not restricted just to mammals but are present in teleost too. In any case, although further studies in this direction are beyond the aim of this paper, the finding is very intriguing.
Conclusions
In this paper, we characterized the cDNA sequence, the genomic structure, and AS pattern of the complex family of Neurexins genes in the low vertebrate D. rerio.
The high degree of protein and gene structure conservation between zebrafish and other mammalian Neurexins suggests a very strong evolutionary pressure and moreover indicates a possible conservation of the functions of these genes in all the vertebrates.
The data presented in this paper, supported by independent data previously published (Zeng et al. 2006) , suggest possible new functions (at least in low vertebrates), open new fields of research for these genes, and pose the basis for novel approaches to the functional studies of this complex protein family. Moreover, they suggest that the molecular mechanism of splicing regulation could be partially similar in zebrafish and humans. Finally, we think that they will improve the understanding of the   FIG. 4. -Analysis of splicing pattern for nrxn1a (A), nrxn2a (B), and nrxn3a (C) during zebrafish development. RT-PCR products were generated from total RNA extracted from adult ovary and different stages of embryonic development. Panel A shows the amplicons of nrxn1a and the b actin used as control, panels B and C show the splicing pattern for nrxn2a and nrxn3a, respectively. The major isoforms isolated for each splice site (from SS1 to SS5) are depicted with a schematic diagram (open boxes: constitutively spliced exons, filled boxes: alternatively spliced exons). Numbers on top indicate the different stages used: 1, adult ovary; 2, 1-2 cell stage; 3, 64-cell stage; 4, sphere stage; 5, 50% epiboly stage; 6, 80-90% epiboly; 7, 8-somite stage; 8, 15-20 somite stage; 9, 24 hpf; 10, 72 hpf; 11, 5 days; Mw, Molecular weight size marker. FIG. 6.-Potential paternal delivery of specific nrxn1a splicing isoforms to the embryo. Comparison of cDNAs from unfertilized oocytes, adult testis, and early stages of development for nrxn1a SS1. Analysis of b actin expression is included as a positive control and it confirms the lack of genomic contamination in RNA preparations (see Materials and Methods). Note that specific messenger RNA splicing variants (arrow) are present in the first stages of development and in adult testis; on the contrary, they are absent in the oocytes sample.
